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Objective: Early results after aortic valve-sparing root reconstruction are excellent. Longer-term follow-up,
especially with regard to aortic valve function, is required for further judgment of these techniques.
Methods: Between July of 1993 and September of 2006, 108 consecutive patients (mean age 53.0 15.8 years)
underwent the Yacoub operation (group Y) and 83 patients underwent the David operation (group D). Innovative
multilevel hierarchic modeling methods were used to analyze aortic regurgitation over time.
Results: In general, aortic regurgitation increased with time in both groups. Factors associated with the develop-
ment of a significant increase in aortic regurgitation were Marfan syndrome, concomitant cusp intervention, and
preoperative aortic anulus dimension. In Marfan syndrome, the initial aortic regurgitation was higher in group Y
versus group D (0.56 aortic regurgitation vs 0.29 aortic regurgitation, P ¼ .049), whereas the mean annual pro-
gression rate of aortic regurgitation was marginally higher in group Y (0.132 aortic regurgitation vs 0.075 aortic
regurgitation, P ¼ .1). Concomitant cusp intervention was associated with a significant aortic regurgitation in-
crease in both groups (P<.0001). There was a trend that smaller preoperative aortic annulus diameters in group
D and larger diameters in group Y were associated with increased aortic regurgitation over time.
Conclusion: In regard to aortic regurgitation grade over time, patients with Marfan syndrome and a large preop-
erative aortic annulus diameter were better treated with the reimplantation technique, whereas those with a smaller
diameter were better treated with the remodeling technique. Concomitant free-edge plication of prolapsing cusps
was disadvantageous in both groups. Considering these factors may serve to improve the aortic valve longevity
after valve-sparing aortic root surgery.
Aortic valve-sparing operations to treat patients with aortic
root pathologies are gaining interest because of the known
limitations of alternative prosthetic valves. There are basi-
cally 2 types of aortic valve-sparing operations: the remod-
eling technique initially described by Yacoub1 and the
reimplantation technique introduced by David.2 Both surgi-
cal strategies support the wall of the aortic root to different
extents. In addition to the Yacoub and David procedures,
various modifications of these operations and modified vas-
cular grafts have been introduced to improve functional
characteristics of the aortic valve.3,4 These operations are
theoretically appealing, and excellent early results may sup-
port more widespread application. However, none of these
procedures have been able to meet the complexity of aortic
root and valve function completely,5,6 rendering the dura-
bility of the repair questionable. Longer-term follow-up,
especially regarding aortic valve function over time, is man-
datory for further judgment of the different methods. In an
attempt to identify factors influencing the aortic valve func-
tion over time in the 2 basic techniques, we analyzed our
results up to 12 years postoperatively using a novel hierar-
chic statistical model for longitudinal outcome analysis,
which is considered to be most appropriate for this purpose.7
Clinical outcomes regarding the mortality and morbidity of
this patient group have been reported in detail.8
PATIENTS AND METHODS
Patients’ demographics and clinical and operative profiles are listed in
Table 1. Patients’ preoperative, perioperative, and follow-up data were col-
lected prospectively in our Aortic Surgery Database. The Ethics Committee
of the Medical Faculty of the University of Luebeck approved the data col-
lection within the project and waived the need for patient consent.
When initially collecting our data, we were tempted to exclude patients
with acute type A aortic dissection from this analysis because they require
surgery on an emergency basis, may present with an increased number of
risk factors, require modification and often individualization of surgical
technique, and often account for significant postoperative morbidity and
mortality. However, for 2 separate reasons we believe that such a decision
would be unfair: First, acute typeA aortic dissection is not a contraindication
for aortic valve-sparing procedures. It is obvious that the aortic valve cannot
be spared in all cases; however, we and others believe that a patient’s native
valve should be preserved whenever possible.9-11 Second, as presented be-
low, the preoperative presence of typeA acute aortic dissection had no effect
on postoperative aortic valve function.
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AR ¼ aortic regurgitation
Operative Technique
Standard cardiopulmonary bypass was initiated with a membrane
oxygenator (Hollow Fiber Oxygenator, Spiral Gold, Baxter, Puerto Rico)
with cold antegrade crystalloid or blood cardioplegia for myocardial protec-
tion. Profound hypothermia (15C–18C) and cold antegrade cerebral per-
fusion were used in cases requiring circulatory arrest.
When the cusps appeared intraoperatively, to be macroscopically intact,
without calcifications, thickening, or fenestrations, preference was given to
spare the aortic valve, including the bicuspid valves. The choice of valve-
preserving technique was merely surgeon related, with the Yacoub tech-
nique used more often initially.
The surgical technique of group Y (remodeling technique) has been
described in detail.1,6 Briefly, the sinuses of Valsalva and the ascending
aorta were excised, leaving a rim of 4 mm attached to the aortic annulus.
A vascular Dacron graft was trimmed to produce separate tongue-shaped
extensions for replacement of the excised sinuses. These tongues were su-
tured to the aortic annulus using continuous 4-0 Prolene. Coronary ostia
were reimplanted into the graft using the button technique. The detailed sur-
gical technique of group D (reimplantation technique) has been described in
detail.2,12,13 In brief, the aortic root was dissected as proximal as possible.
Multiple interrupted horizontal 2-0 Teflon felt pledgeted mattress sutures
served for fixing a prosthetic tube in the subannular position followed by im-
plantation of the valve into the prosthesis (Hemashield Gold; MeadoxMed-
icals, Oakland, NY). The commissures were also secured with pledget U
stitches. The coronary ostia were reimplanted into the graft in the same fash-
ion as in group Y. Graft size was estimated according to the distance
between the straightened commissures that provided a macroscopically
appropriate leaflet coaptation after the excision of the native aortic sinuses.
After completion of root reconstruction, the valve anatomy was finally in-
spected. A prolapse of 1 (n ¼ 26) or 2 (n ¼ 3) cusps were observed in
some patients and corrected with a central plication at the free edge of the
cusp using 5-0 Prolene suture with pericardial pledgets. In 1 patient, a con-
tinuous polytetrafluoroethylene (Gore-Tex, WL Gore and Associates Inc,
Flagstaff, Ariz) 6-0 suture at the free edge was used to correct the prolapse.
Echocardiographic Follow-up
Follow-up investigations in all survivors were scheduled at discharge
and on a yearly basis thereafter. Data were acquired in our outpatient clinic
or by the referring cardiologist. The mean duration of the echocardiographic
follow-up was 3.09 2.92 years (median 2.33 years, range 0.1–12.1 years).
Total echocardiographic follow-up was 560 patient-years. Completeness of
echocardiographic follow-up with qualitatively good and complete serial
echocardiographic assessment was 95.3% (total number of examinations
654, mean 3.6  2.0, range 2–13 measurements per patient).
Echocardiographic Measurements
Aortic regurgitation (AR) was assessed by multiple techniques by the par-
asternal long-axis and apical 5-chamber views (Sonos 2500 or 5500 system,
Philips Medical Systems, Best, The Netherlands; 2.5 MHz ultrasound trans-
ducer). Pulsed-wave Doppler and color flow Doppler imaging were used for
mapping the left ventricular outflow tract, including determination of the ra-
tio of jet height to left ventricular outflow tract height. Continuous Doppler
imaging was applied to measure the deceleration slope and pressure half-
time of the autograft regurgitation jet. AR was assessed by color-flow Dopp-
ler techniques according to the ratio of jet height/left ventricular outflow tract
height as described by Perry and colleagues,14 with a ratio of 1% to 24%
(grade I), 25% to 46% (grade II), 47% to 64% (grade III), and more
The Journal of Thoracic and Cthan 65% (grade IV). Trace (trivial) aortic insufficiency, defined as a tiny
regurgitation jet in early diastole near the detection limit, was included in
the analysis as grade 0.5.
Measurement of the Preoperative Aortic Valve
Annulus Diameter
Measurements of the preoperative aortic annulus diameters were per-
formed by using the Quantcor QCA software (Pie Medical Imaging, Maas-
tricht, The Netherlands). Calibration was achieved using the size of the
diagnostic catheter as reference. During left ventricular angiography and
aortography, aortic annulus diameters were assessed by measuring the dis-
tance between the nadirs of the aortic root sinuses in mid-diastole. Three
measurements were averaged for final estimation.
Statistical Analyses
Comparison between the groups was performed using the Mann-Whit-
ney U test, chi-square test, and Fisher’s exact test, where appropriate. Actu-
arial estimates of overall survival and freedom from aortic valve reoperation
were accomplished with the Kaplan–Meier methods.
To study the aortic valve function (regurgitation) and aortic root dimen-
sions with time, a multilevel modeling technique was used as recently pro-
posed15 and endorsed by the latest guidelines for reporting outcome after
valve interventions.7 Statistical analysis of initial fitting and the influence
of covariables was performed. A linear model with random coefficients
was chosen to model AR with time according to the following formula:
AR grade ðtimeÞ ¼ ðinitial AR grade standard errorÞ
þ ðannual AR increase standard errorÞ
3 time ðyÞ:
The echocardiographic data of 2 or more echocardiographic measure-
ments per patient were analyzed with a hierarchic multilevel linear model
TABLE 1. Preoperative and intraoperative data of patients undergoing
aortic valve-sparing procedures
Remodeling Reimplantation P value
n ¼ 108 n ¼ 83
Male 63% 76% .08
Mean age (y) 55.9  14.3 49.2  16.9 .007
Ascending aneurysm 73% 53% .007
Aneurysm diameter (mm) 60  13 59  12 .59
Type A dissection 29% 42% .09
Marfan syndrome 13% 20% .27
Bicuspid aortic valve 14% 11% .69
AR  grade II 43% 59% .04
Previous cardiac operation 3% 4% .98
CPB time (min) 185.2  44.7 221.2  59.8 <.001
Aortic crossclamp time (min) 138  39 165  49 <.001
Open distal anastomosis 65% 68% .78
With partial arch 33% 26% .38
With total arch 3% 8% .22
With concomitant procedures 29% 23% .44
Mean size of graft (mm) 28.2  1.7 28.7  1.8 .05
Additional cusp intervention 13% 19% .35
Additional annulus intervention 20% 0 <.001
GRF glue used 13% 19% .35
AR,Aortic regurgitation;CPB, cardiopulmonary bypass; SD, standard deviation;GRF,
gelatine-resorcine-formol. Values are expressed as mean  SD or percentage of
patients.
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D(MLWin 2.0, Centre for Multilevel Modeling, London, UK). This model
provides a linear regression line with an intercept and slope for each individ-
ual patient. The intercept (initial AR grade standard error) corresponds to
the notional value of AR at the time of surgery, whereas the slope (annual
increase in AR  standard error) represents the annual progression of it.15
All authors had access to the patients’ data and take full responsibility for
their integrity.
RESULTS
The results regarding valve-related morbidity and mortal-
ity have been presented in detail.8
Echocardiographic Data
Descriptive results of the most recent follow-up visit are
displayed in Table 2.
Aortic Regurgitation with Time
Themean initial AR grade was estimated to be 0.426, with
an average increase of 0.082 AR grades per year. Thus, after
10 years, the mean AR grade was estimated to increase by
0.82 AR grades.
Patients who underwent the remodeling technique had
a significantly greater initial AR grade (group Y: 0.492 
0.042 vs group D: 0.336 0.048; P ¼ .013) and greater an-
nual increase of AR (group Y: 0.099  0.019 vs group D:
0.041  0.025; P ¼ .061) (Figure 1). This translates to an
estimated increase of 1.0 AR grades in the remodeling group
and 0.4 AR grades in the reimplantation group within 10
years postoperatively. Of the various analyzed determinants
of AR over time, only Marfan disease, cusp intervention,
and preoperative aortic annulus diameter showed a signifi-
cant association with the development of postoperative
AR. Of note, the presence of acute type A aortic dissection
did not significantly influence the longitudinal performance
of aortic valve function in either technique.
The mean intercept of AR grade (AR grade early postop-
erative) in Marfan disease was higher with the remodeling
technique (P ¼ .049; Figure 2). This translates to an initial
AR grade of 0.56 and an annual increase of 0.132 grades.
Thus, after 10 years, the AR grade was estimated to increase
by 1.32 AR grades in the remodeling group and by 0.75 AR
grades in the reimplantation group. Although there is no
evidence of a significant difference of the slope between
both surgical techniques, a sustained gap between both
groups is remarkable (Figures 2 and 3). To determine the
effect of a potential ‘‘learning curve,’’ aortic valve function
after both techniques was analyzed, this time allowing for
TABLE 2. Echocardiographic data of patients at the time of the most
recent follow-up examination
Remodeling Reimplantation P value
Aortic root dimensions (mm)
Annulus 23  4 22  3 .13
Mid sinus 30  4 26  4 <.001
STJ 25  3 25  4 1.0
Ascending aorta 30  4 29  3 .13
Aortic valve area (cm2) 3.0  1.1 2.2  0.8 <.001
Pressure gradient LVOT (mm Hg)
Maximal 9.3  1.1 12.6  9.5 .003
Mean 4.9  4.6 6.0  4.6 .19
Aortic valve regurgitation (n,%)
None 15 (20%) 23 (47%) .003
Trivial 23 (31%) 11 (22%) .37
Mild 28 (37%) 12 (25%) .23
 grade II 9 (12%) 4 (6%) .42
STJ, Sinotubular junction; LVOT, left ventricular outflow tract. Values are expressed
as mean  SD, absolute numbers or percentage of patients.
FIGURE 1. Estimation of ARwith time in patients treated with the Yacoub
and David technique. There is significant evidence that the mean intercept
(AR at time 0) is higher for the Yacoub technique (P ¼ .013), but there is
no significant difference regarding the annual progression rate of AR for
both techniques (P ¼ .061).
FIGURE 2. Estimation of AR over time in patients with or without Marfan
disease allowing for the surgical technique. The difference in mean intercept
(P ¼ .049) between the David and Yacoub methods is marginally signifi-
cant. The difference of the mean annual progression rate of AR is not sig-
nificant between the groups (P ¼ .10). The higher intercept plus the
marginally higher slope for Yacoub’s method mean that a sustained gap
between the methods is present.
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could be observed between the year of surgery and the
time course of postoperative aortic valve function.
The initial AR grade was comparable in patients with and
without cusp interventions (0.40 0.08 vs 0.52 0.04; P¼
.19), but the annual progression rate was significantly higher
among patients with cusp interventions (0.003  0.018 vs
0.096  0.017; P< .0001, Figure 3). The differences be-
tween intercepts were similar for the 2 types of operation,
as were the differences between slopes (interaction P¼ .85).
In patients who underwent the remodeling technique,
larger preoperative aortic annulus diameters were signifi-
cantly associated with greater long-term AR. This is in
contrast with the reimplantation subgroup, in whom the de-
velopment of AR over time was more pronounced when the
aortic annulus diameter was smaller at the time of surgery
(Figure 4, A and B).
DISCUSSION
Both techniques of valve-sparing operations have been
shown to adequately preserve aortic valve function in patients
with aneurysms of the ascending aorta or root,2,9,13,16-18 type
A aortic dissection,19,20 and Marfan syndrome.4,21,22
In vivo and in vitro, both techniques and their modifica-
tions preserve aortic root distensibility and valve performance
to different extents,3,5 although none of the techniques com-
pletely reproduce the normal aortic valve and root dynamics.5
The distensibility of the root is restricted or completely abol-
ished with these techniques, and the bending deformation of
the cusps itself is increased. It is frequently observed that the
cusps collide with the prosthetic wall during systole.5 These
limitations render the durability of repair in terms of aortic
valve function at the focus of research.
The Problem of Serial Assessment of Aortic Valve
Function with Time
In most studies, serial echocardiographic examinations are
reported as a tool of follow-up examination and deter-
mination of valve function. The analysis of these serial
echocardiographic data is impaired by several factors. Echo-
cardiographic information is obtained at different time points
and intervals, appointments may be missed, and valve func-
tion is often variable with time. In addition, there is interob-
server and intraobserver variability, and the equipment
settings of the echocardiography device also influence the
measurements. We believe that although the Kaplan–Meier
survival function is commonly used for the analysis of termi-
nal (death) or binary (reoperation) events, it is inappropriate
for the analysis of events showing significant temporal
FIGURE 3. Estimation of AR over time in patients with or without cusp
interventions, predominantly as a central plication procedure, allowing for
the surgical technique. There is no evidence that the mean intercepts differ
depending on whether there were cusp interventions or not (P ¼ .38), but
there was significant evidence of an increase in the annual progression
rate of AR with cusp intervention (P<.0001) for both surgical techniques.
FIGURE 4. Multilevel modeling of the association of preoperative aortic annulus diameter andAR grade with time in patients treated with the reimplantation
(A) and remodeling (B) techniques. With increasing diameters of the aortic annulus, aortic valve incompetence is pronounced in patients treated with the
remodeling technique, whereas smaller diameters and reimplantation technique are associated with deterioration of valve function.
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from a prespecified grade of AR), an opinion shared by
others15 and endorsed in the latest guidelines for reporting
outcome after valve interventions.7 Such analysis may intro-
duce significant bias and aliasing that can significantly distort
results and alter conclusions. Despite the simplicity of the
Kaplan–Meier method, we have meticulously avoided ex-
pressing our results on aortic valve function with this method
because with all these meaningful limiting factors, the con-
ventional Kaplan–Meier method is inappropriate. The multi-
level modeling technique used in this study adequately deals
with these issues and allowsmultivariable risk factor analysis
of the initial AR grade and annual progression rate. This tech-
nique is the most appropriate to achieve more insight into the
aortic valve over time in valve-sparing operations.
Aortic Valve Function Over Time
The AR grade early after operation was higher in the re-
modeling group. An annual increase of AR was detected
in both techniques, with a trend toward higher values in
the remodeling group, reflected by the higher number of
patients who required a reoperation because of AR. In other
cases, progressive dilatation of the aortic annulus led to cusp
displacement out of the coaptation area. In general, the pres-
ent observations were in accordance with results of other
groups.9,10,23,24 In addition, this study serves to identify
factors that were associated with increased AR over time, es-
pecially Marfan syndrome, cusp intervention, and preopera-
tive annulus diameter.
Marfan Syndrome
There are accumulating data that Marfan syndrome repre-
sents a risk factor for reoperation on the initially spared
valve.4,25 Several factors and their interaction may contribute
to this complex issue with involvement of the cusp tissue it-
self and the aortic annulus. In patients undergoing the remod-
eling technique, a more substantial increase in AR was
detected, resulting in an estimated increase of 1.32 in AR
grade after 10 years (vs increase of 0.75 in AR grade in the
reimplantation group). Because AR is usually well tolerated,
reported rates of reoperations may underestimate failure rates
of the spared aortic valve. As a consequence, the remodeling
technique in patients with Marfan syndrome is now used in
our center more restrictively, and a close follow-up must be
ensured. Our observations are in accordance with the findings
recently published by David and colleagues.9
Cusp Intervention
An important issue regarding the valve-sparing operations
is whether and how concomitant cusp interventions influ-
ence the long-term aortic valve function. Several years
ago, numerous pathologies (low cusp coaptation area, cusp
prolapse, or stress fenestrations in the commissural areas)
have been regarded as contraindications to aortic valve-
sparing operations. Currently, in experienced hands,
a more liberal approach is accepted with good functional re-
sults in the mid-term.26 This is in partial contrast with our
findings in both valve-sparing techniques. ARwas estimated
to increase substantially by 1.5 AR grade after 10 years if
cusp interventions, mostly a plication of the free edge of 1
or 2 cusps, were performed. Several factors may play an im-
portant role: unsuitable valve for cusp interventions, second-
ary fibrotic retraction of the cusp margins after interventions
in the long-term, or improper surgical techniques. In addi-
tion, tissue properties of the aortic valve cusps (bicuspid
with a more rigid cusp tissue vs tricuspid with thin and
vulnerable tissue) may play an important role. Because the
immediate results seem favorable, there may be time-depen-
dent factors that can adversely affect cusp function after the
initial intervention. Nevertheless, these results indicate that
exact root reconstruction without cusp intervention is advis-
able. Improved techniques for cusp intervention, such as
free-edge resuspension with polytetrafluoroethylene (Gore-
Tex) continuous sutures27 and proper selection of reparabil-
ity, could further improve results. However, none of the
patients who underwent reoperation had leaflet repair, which
supports our opinion that leaflet repair per se does not nec-
essarily lead to reoperation but seems to have an increased
development of AR over time. Our data were not sufficient
to determine whether the observed adverse outcomes after
concomitant cusp interventions could be attributed to unsuit-
able valve pathology or improper technique.
Preoperative Aortic Annulus Diameter
A larger preoperative annulus seems to favor later AR in
group Y. This has some plausibility because the annulus
diameter clearly affects cusp coaptation. Increasing diame-
ters, as observed in this study, may result in reduction of
the coaptation area. We prefer the David operation in pa-
tients with preoperative annulus diameters exceeding 28 to
30 mm, which is in accordance with other authors.17 It is dif-
ficult to interpret why smaller preoperative aortic diameters
facilitate the development of AR in the reimplantation tech-
nique. Perhaps the cusps are smaller in roots with small pre-
operative annulus diameters and more susceptible for later
development of AR, for yet unknown reasons. Of note, the
transvalvular pressure gradients were significantly higher
in the reimplantation group. This may cause a more turbulent
flow with cusp tissue injuries over time and consequently an
accelerated cusp failure. Reimplantation of the valve into
a prosthetic tube with a fixed diameter leads to a reduction
of the functional orifice area of the left ventricular outflow,
which is relatively more pronounced in smaller annular
diameters and as such may augment this mechanism.
Study Limitations
The limitations of this study are mainly due to its non-
randomized design. However, because the differences in
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study, which would be desirable for an objective comparison
of both techniques, would require a large number of patients.
In addition, there is a considerable number of different mod-
ifications of both techniques, rendering a standard surgical
protocol difficult to follow. The mean follow-up time is lim-
ited, and the number of major cardiac events (eg, reopera-
tion) is small and mainly the result of primary technical
faults within the first years. A main limitation of the study
is the evolution of the surgical approach within the last
decade. Additional interventions were introduced and ap-
plied in different root pathologies, and personal/institutional
preferences changed over time. Long-term follow-up is nec-
essary to evaluate multivariable effects on clinically impor-
tant subsets.
CONCLUSIONS
This study, using a novel statistical approach, provides
some evidence that patients with Marfan syndrome and aor-
tic roots with large preoperative annulus diameters may ben-
efit from the reimplantation technique, and that those with
small preoperative annulus diameters may benefit from the
remodeling technique using a diameter of 28 to 30 mm as
a reasonable cutoff value. Central plication of prolapsing
cusps is disadvantageous for aortic valve function over time.
The authors gratefully acknowledge the excellent technical as-
sistance of P. Lingens, I. Beyer, and K. Meyer.
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